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Photoionization spectroscopy in AlGaN ÕGaN high electron
mobility transistors
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A model is developed to describe the light-induced restoration of the drain current from current
collapse in AlGaN/GaN high electron mobility transistors. The model assumes that the collapse
results from a transfer at large drain bias of hot carriers from the gate–drain region of the
two-dimensional electron gas to deep traps in the high-resistivity GaN layer. Application of the
model provides a means of determining the photoionization cross sections and the areal densities of
the responsible traps. Where multiple trapping species are involved, it is shown that photoinduced
transitions between trapping sites can significantly alter the response of the drain current to light
illumination, and must therefore be taken into account.@DOI: 10.1063/1.1510564#
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I. INTRODUCTION

Nitride-based electronic devices are of great current
terest because of their potential to operate at high pow
high temperature, and high frequency. While excellent out
characteristics have been reported,1,2 these results are no
always reproducible, due to the presence of deep trap
centers that occur within the device structures.3 These de-
fects can trap mobile charge, leading to a number of poss
effects which are deleterious to device performance. A tr
ping phenomenon of particular concern is current collap
When a high drain–source voltage is applied to a field eff
transistor~FET!, hot channel carriers can be injected in
neighboring regions of the device containing a high conc
tration of deep traps. These carriers can be trapped and
remain trapped after the drain bias is removed, thus lead
to current collapse — a sustained reduction in the dc dra
current and an increase in the knee voltage. This results
corresponding reduction in the output power of the devi
Consequently, identification of the deep traps responsible
this effect is currently of great interest.

It is noteworthy that current collapse, historically an e
fect on the dc current–voltage(I–V) characteristic,3,4 is not
the same effect recently reported using the same termi
ogy, but referring to the reduction of the device output pow
at microwave frequencies.5,6Although the dc effect will have
an influence on the output power at high frequencies, o
defect-related phenomena, such as gate lag~usually associ-
ated with surface states!, specifically affects the high fre
quency device performance.

We have recently introduced an experimental techniq
photoionization spectroscopy,7 that probes the traps causin
current collapse directly. These measurements take ad
tage of the fact that trapped carriers can be released from
filled traps~thus restoring the drain current! by the absorp-
tion of light. The spectral dependence of this absorption-
photoionization spectrum — is characteristic of a deep c

a!Electronic mail: klein@bloch.nrl.navy.mil
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ter, and can be employed as a signature of the relevant
Measurement of the spectral dependence of this lig
induced drain current increase in a GaN meta
semiconductor FET~MESFET! was shown7,8 to generate an
absorption spectrum reflecting the existence of two disti
trap species. These results have been recently verified i
pendently by other workers.9,10 The two traps, which are re
sponsible for current collapse in the GaN MESFET, we
found to be located in the high resistivity~HR! GaN buffer
layer. Photoionization spectroscopy measurements of cur
collapse in AlGaN/GaN high electron mobility transisto
~HEMTs! revealed similar spectra,11 indicating that the same
HR-GaN traps cause collapse in these devices as well.
example of such spectra for the MESFET and HEMT str
tures, reproduced from Ref. 12, are shown in Fig. 1.

While these measurements provide a spectroscopic ‘‘
gerprint’’ of the traps involved in current collapse and som
indication of their depth, it is desirable to obtain a mo
quantitative characterization of the traps. In the case of
GaN MESFET, this was accomplished by measuring the
pendence of the light-induced drain current increase in
collapsed device as a function of the amount of incident li
illumination. These light illumination studies were fitted8

with a model for the drain current increase in which t
photoexcited carriers drift back to the conducting chan
~under the influence of the electric field produced by t
original transfer of charge into the HR-GaN layer!, thus re-
ducing the channel depletion region at the channel/HR-G
interface and increasing the collapsed drain current. T
analysis using this procedure enabled the determination
areal trap concentrations and photoionization cross sect
for the two traps.

For the case of the AlGaN/GaN HEMT structure, lig
illumination studies and the fitted trap characteristics ha
been reported in a recent letter~Ref. 13!. Because of the
differences in the nature of the two structures, the mo
employed to extract trap concentrations from light illumin
tion measurements in the MESFET is not directly applica
to similar measurements in the HEMT. Consequently, a se
rate model was developed for the HEMT structure. In t
8
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work we describe in detail the model employed to determ
the HEMT trap characteristics. Some previously reported
perimental data are included here in order to provide ne
sary background information for the discussion of the mod

II. PHOTOIONIZATION MODEL

As a result of current collapse, a significant fraction
the sheet charge in the high-field region of the tw
dimensional electron gas~2DEG! between the gate and dra
can be transferred from the channel due to hot electron
jection and subsequent trapping. The resistance assoc
with this portion of the 2DEG channel increases accordin
and can dominate the total channel resistance when the
vice is fully collapsed. Then, for subsequent measurem
~within the linear region of theI–V curve! the drain current
becomes proportional to the sheet chargens in this region.14

While this approximation begins to break down once
incident light has restored most of the collapsed drain c
rent, this simple approach still provides a useful method
analyzing light illumination measurements in HEMT stru
tures.

Light illumination studies measure the increase of
drain current in a fully collapsed device due to illuminatio
by a measured amount of monochromatic light. These s
ies provide a measure of the fractional increase in the d
current induced by the light, relative to the collapsed dr
current ~measured in the dark!, as a function of the tota
amount of light incident on the device.8 The fractional cur-
rent increase,@ I (hn)-I dark#/I dark[DI /I dark, reflects the frac-
tion of filled traps that are emptied by the light, and is rela
to the trap photoionization cross section. When a la
drain–source bias is applied to the device, hot 2DEG carr
are injected into the HR GaN, where they are trapped. T
results in a reduction inns by an amount equal to the are
density of traps filled due to the hot carrier injection. T
initial drain current, measured before the application of
high voltage, is written in the form

I d5Ans , ~1!

FIG. 1. Photoionization spectra reported in Ref. 12 of a GaN MESFET
an AlGaN/GaN HEMT structure. Two below-gap absorptions are associ
with the two deep traps that are responsible for current collapse in t
devices. The absorption threshold energies were found to be at 1.8
2.85 eV.
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while the ‘‘collapsed’’ drain current, measured in the dark

I dark5A~12b!ns , ~2!

whereb is the fraction of the original sheet charge that w
trapped at deep defects.

It is evident from Fig. 1 that the carriers can be trapp
by more than one species of deep trap that is empty be
the high voltage is applied. If there areN species of such
traps, each having a total concentrationnj ,0 ( j 512N), and
all of the traps are filled after the application of a high dra
bias, then the total filled trap concentration existing befo
light illumination is given by

nT(DARK)
2 5(

j 51

N

nj ,0[(
j 51

N

b j•ns , ~3!

whereb j is the fraction of the original sheet charge trapp
on trap speciesj, andb as defined above is therefore give
by b5( j 51

N b j .
After the traps have been filled, if monochromatic lig

of photon energyhn and incident photon fluxF illuminates
the device for a timet, trapped carriers will be photoionize
from the filled traps and will return to the 2DEG to resto
the drain current. As a result, the areal concentration of fil
traps of speciesj will be reduced fromnj ,0 , its initial value,
to nj

2(t). Here the superscript emphasizes that the trap
filled: We denote the concentrations of filled and empty tra
by nj

2 andnj
o , respectively. Since a given trap is either fille

or empty, we also havenj ,05nj
2(t)1nj

o(t).
For convenience, the absorption threshold energiesEj of

theN trap species will be assumed to increase monotonic
with the indexj. Then, onlyk species of traps with photo
ionization thresholds less thanhn ~corresponding toj <k)
will contribute to the drain current restoration. The rema
ing traps (k, j <N) with higher thresholds will remain
filled, and the drain current can be only partially restored

Since the increaseDns in the 2DEG sheet charge due
light illumination is equal to the light-induced loss in th
areal density of trapped charge,Dns can be written, as a
function of illumination time and incident photon fluxF, as

Dns~F,t !5(
j 51

k

@nj ,02nj
2~F,t !#. ~4!

The fractional increase in the drain current above the c
lapsed level, induced by incident light of fixed photon ener
hn, is then determined@using Eqs.~1!, ~2!, and~4!# by

DI ~hn!

I dark
5(

j 51

k nj ,02nj
2~F,t !

~12b!ns
. ~5!

In order to model the experimentally measured variation
DI /I dark with the incident photon doseF•t, it is necessary to
determine the dependence of the filled trap concentration
illumination time and intensity. This generally requires som
consideration of the carrier kinetics during light illuminatio

It was shown in Ref. 8 that if recapture of the photoio
ized carriers is much slower than carrier drift back to t
conducting channel, which is an appropriate approximat
for these traps,8 the dependence of the filled trap concent
tion on illumination time for trapj is given by

d
d

se
nd
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nj
2~ t !5nj ,0 e2s j (hn)Ft, ~6!

wheres j (hn) is the photoionization cross section of trapj at
the photon energyhn employed in the measurement. Th
relationship assumes that photoionization events at the v
ous trap species are independent. The dependence o
fractional drain current increase on light illumination th
becomes, from Eqs.~3!, ~5!, and~6!,

DI

I dark
5(

j 51

k

K j~12e2s j (hn)Ft!, ~7!

where

K j5
b j

12b
. ~8!

This exponential growth is similar in form to Eq.~22! of Ref.
8, although theK j are considerably more complex for th
MESFET. Equation~7! may be employed to fit the measure
dependence ofDI /I dark on photon dose. The fitting param
eters are the trap photoionization cross sectionss j (hn) and
the trap concentrationsnj ,05b jns determined from theK j .

This fitting procedure was~with minor modification de-
tailed in Sec. III! applied to the data reported in Ref. 13 f
four devices with different trap concentrations. The fitt
light illumination data are reproduced from Ref. 13 in Fig.
Each device was measured at 633 nm, where only one tr
photoionized, and at 400 nm, where both traps are photo
ized, so that the two contributions could be separated.

FIG. 2. Dependence of the fractional increase in the drain current on
total light illumination incident on AlGaN/GaN HEMT devices~After Ref.
13!. Data ~symbols! was obtained for each of the two traps from devic
with HR GaN layers grown at the four different growth pressures indica
resulting in varying deep trap concentrations. The solid lines are fits to
data using the model.
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fitted areal trap concentrations and photoionization cross
tions are given in Table I for the four devices, each of whi
contained different trap concentrations due to intentio
variation of the growth pressure of the HR GaN layer duri
growth by organometallic vapor phase epitaxy.15 The varia-
tions in the trap concentrations were employed in Ref. 13
correlate the traps with the carbon content in the layers.

The photoionization cross sections,'10218 cm2 for
Trap 1 and' mid- 10216 cm2 for Trap 2, are typical16 for
deep defects. It is noteworthy thats jnj ,05a jd, wherea j is
the absorption coefficient associated with photoionizat
from trap j and d is the effective thickness of the layer o
charged traps in the HR GaN. From Table I, we find avera
values for a•d of '431024 for Trap 2 at 400 nm and
'131026 for Trap 1 at 633 nm. With such small absor
tions, it would be difficult to obtain spectra such as those
Fig. 1 using conventional optical absorption measureme
The photoionization spectroscopy technique therefore p
vides a very sensitive method for detecting deep traps
these devices.

III. EFFECT OF INTERTRAP TRANSITIONS

For the case of two traps, Eq.~7! suggests that the ex
perimental data~Fig. 2! should reflect a single exponentia
growth function for E1,hn,E2 ~e.g., Fig. 2, 633 nm!,
where only a single trap is photoionized, and a superposi
of two exponential growth functions forhn.E1 , E2 ~e.g.,
Fig. 2, 400 nm!, where both traps are photoionized. The la
ter case should appear similar to the solid curve in Fig.
which represents the superposition of two exponen
growth functions~the two dashed curves in the figure!. How-
ever, this behavior is not observed in the 400 nm data of F
2, which more closely resembles a single exponen
growth.

This apparent discrepancy in the 400 nm results occ
because in these devices the photoionization processes a
two trap species are not actually independent. To see
note first that at the maximum photon dose employed in
400 nm measurements ('131016/cm2), the collapsed drain
current was observed to return to its original value.13 Since
the drain current was fully restored, essentiallyall Trap 1 and
Trap 2 carriers must have been released and returned to
2DEG. The absence of any indication of superposition in
400 nm data can only be understood if carriers from
‘‘less-deep’’ Trap 1 are captured by deeper Trap 2 sites
have been emptied by the incident light, as indicated in
inset in Fig. 3. Because of this coupling between the two t
species, the two photoionization processes are no longe

e

,
e

sure-
TABLE I. Trap concentrations and photoionization cross sections determined from light illumination mea
ments of Ref. 13~shown in Fig. 2! for the two traps responsible for current collapse in these devices.

Device
HR-GaN growth
pressure~Torr!

ns(1012/cm2)
~Hall effect!

n1,0

(1012/cm2)
n2,0

(1012/cm2)
s1~633 nm!
10218 cm2

s2 ~400 nm!
10216 cm2

1 65 9.3 1.37 1.74 0.2 4
2 150 12.1 0.74 0.26 1.5 6
3 200 11.5 0.96 0.45 1.1 6
4 300 12.2 0.61 0.55 3.5 8
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dependent, and Eq.~7! is no longer strictly valid. The Trap
1–Trap 2 transition rate becomes significantin this casebe-
cause:~1! the photoionization cross sections2 for Trap 2 is
relatively large~Table I: '10216– 1015 cm2), so that empty
Trap 2 sites necessary to initiate these transitions are cre
rapidly, and~2! the photoionization cross section for Trap
is relatively small ('10218 cm2), so the transition rate from
Trap 1 to Trap 2 can be comparable or larger than the c
peting photoionization rate out of Trap 1. Under these c
ditions, the analysis described in the previous section
modified slightly.

To elucidate this modification, we note first that th
curves in Fig. 3 are the result of a numerical simulation~see
the Appendix! in which thenj

2(t) are calculated by modeling
the carrier dynamics of the coupled system shown in
inset of the figure. The photoionization rates,s jF , depend
on the trap photoionization cross sections and the incid
light flux, while the Trap 1–Trap 2 transition rate is propo
tional to the number of empty Trap 2 sites, n2

o(t)
5n2,0–n2

2(t), through the capture coefficienta ~see Fig. 3
and the Appendix!.

Using parameters from device 1 in Table I as an
ample, the solid curve in Fig. 3 was calculated numerica
using a relativelysmall value for the capture coefficient
(1310213 cm2/s). This minimizes the importance of Tra
1–Trap 2 transitions, and leads to the straightforward su
position corresponding to Eq.~7!. The dotted curve was cal
culated using a large value fora (1310210 cm2/s), and ap-
pears similar to single exponential growth, sin
photoionization out of Trap 1 is essentially ‘‘short circuited
by more rapid Trap 1–Trap 2 transitions. This curve is sim
lar to the 400 nm data in Fig. 2. In this case, the carriers fr
both traps are photoionized predominantly through Trap
Therefore, forhn.E1 , E2 , the saturation level ofDI /I dark at

FIG. 3. Simulated results of light illumination studies in an AlGaN/Ga
HEMT structure containing two traps that cause current collapse, withhn
.E1 , E2 . The inset describes a level scheme in which transitions fr
filled Trap 1 sites to empty Trap 2 sites, characterized by the transition
an2

o(t), compete with the photoionization of Trap 1 carriers, with transit
rate s1F . For small values ofa, a superposition~solid line! of two inde-
pendent photoionization processes~two dashed lines! is obtained, similar to
the results of Eq.~7!. For largea ~dotted line!, behavior similar to a single
exponential growth function~e.g., 400 nm data in Fig. 2! is observed.
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largeF, reflected in the fitted value of K, must correspond
(K11K2) rather thanK2 , while the fitted photoionization
cross section will be close to that of Trap 2, as observed
the experiment. With this minor modification in the interpr
tation of the fitting parameterK for hn.E1 , E2 , the deter-
mination of thenj ,0 from the fittedK values@Eqs. ~3! and
~8!# is straightforward. The effect on the light illuminatio
measurements of varying the capture coefficient a ove
wide range is shown in the simulation in Fig. 4: A continuo
change from superposition to single exponential growth
observed.

The particular dependence of the 400 nm data on pho
dose observed in Ref. 13 and shown in Fig. 2 occurs beca
s1!s2 and s1F<an2

o(t). A totally different behavior
might be expected if different traps with different charact
istics were responsible for the current collapse~e.g., devices
fabricated using a different growth process or a different m
terial system!. For example, if the ‘‘less-deep’’ trap had th
larger photoionization cross section, e.g.,s1@s2 , we would
expect the experiment to reflect a superposition, such as
solid curve in Fig. 3. This follows becauses1F@an2

o : The
carriers at the shallower Trap 1 are photoionized much m
rapidly than they can be captured by the few empty de
traps that can be generated with a smalls2. Whether the light
illumination measurements reflect ‘‘superposition’’ o
‘‘single exponential growth’’ forhn.E1 , E2 will therefore
depend upon the relative photoionization cross sections
the two traps and the intertrap capture coefficienta, which
should be sensitive to the concentrations of the two trap s
cies.

IV. SUMMARY

Photoionization spectroscopy is an effective tool f
probing the traps producing current collapse in HEMT d
vices. In particular, light illumination studies can provide
measure of the photoionization cross sections and the a
concentrations of the traps involved when an appropr
model of the trap photoionization process is available. T
model developed here assumes that:~1! current collapse oc-
curs at high drain bias when hot 2DEG carriers are injec
into the HR GaN layer, where they are trapped at deep
fects, and~2! the drain current increase due to photoioniz
tion of the trapped carriers is proportional to the increase

te

FIG. 4. Effect on simulated light illumination results of varying the captu
coefficienta over a wide range (1310214– 1310210 cm2/s).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the sheet charge of the 2DEG. While application of t
model to experimental data is straightforward for a sin
trap species, for two or more traps the analysis requires
nor modification. In order to account, for example, for t
observed behavior of light illumination measurements wh
two traps are photoionized simultaneously, transitions fr
the higher-lying trap to the deepest trap~emptied by photo-
ionization! can play an important role. This occurs when t
photoionization rate out of the shallower trap is less than
comparable to the shallow-to-deep trap transition rate.
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APPENDIX: PHOTOIONIZATION INCLUDING TRAP
1–TRAP 2 TRANSITIONS

With transitions between Trap 1 and Trap 2 included
the model, the dependence of the population of filled tr
nj

2(t) on illumination time for the level scheme depicted
the inset of Fig. 3 can be determined by solving the t
simultaneous differential equations that describe the kine
for the population of each of the two filled traps. We igno
recapture of the photoionized carriers, as this was foun
be a relatively slow process in these materials.8 The incident
photon energyhn is assumed less than both the band gapEg

and Eg–EA , whereEA is the shallow acceptor binding en
ergy, so that only photoionization from deep traps is cons
ered. The Trap 1–Trap 2 transition rate is proportional to
concentration of empty Trap 2 sites,n2

o(t), through a capture
coefficienta. The dependence of the trap concentrations
illumination time, due to the transitions depicted in Fig. 3,
then described by

dn1
2~ t !

dt
52s1Fn1

2~ t !2an1
2~ t !n2

o~ t ! ~A1!

and

dn2
2~ t !

dt
52s2Fn2

2~ t !1an1
2~ t !n2

o~ t !, ~A2!

with

nj ,05nj
2~ t !1nj

o~ t !. ~A3!
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Since all of the traps are filled prior to illumination~i.e., the
devices are collapsed!, the initial conditions are:n1

2(0)
5n1,0, n2

2(0)5n2,0. Equations~A1!–~A3! can be solved
numerically. The results are illustrated in Fig. 3 using t
parameters for device 1 in Table I. The solid curve, cal
lated using a small value fora (13x10213 cm2/s), yields a
superposition of two essentially independent photoionizat
processes. The dotted line, calculated using a large value
a (1310210 cm2/s), is similar to single exponential growth
as Trap 1 to Trap 2 transitions are enhanced, and most o
trapped carriers are released through photoionization f
Trap 2. The effect of varying the parametera over a wide
range is shown in Fig. 4.
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